Higher plants are solar powered biochemical factories of extractable bioactive secondary metabolites.
Plant cell culture technologies were introduced at the end of the 1960s as a possible tool for both studying and producing plant secondary metabolites.
3) Different strategies using in vitro systems have been extensively studied with the objective of improving the production of bioactive secondary metabolites. Cell cultures have a higher rate of metabolism than intact differentiated plants and could be used for large scale culturing of plant cells from which secondary metabolites can be extracted. The advantage of this method is that it can ultimately provide a continuous reliable source of natural products.
Salvia is an important genus consisting of ca. 900 species in the family Lamiaceae and some species of Salvia have been cultivated worldwide for use in folk medicine and for culinary purposes. 4) Dan-shen, the dried roots of Salvia miltiorrhiza BUNGE, is one of the most popular Chinese medicines and widely used for promoting blood circulation to remove blood stasis, clearing away heat, relieving vexation, nourishing blood and tranquilizing the mind and cooling blood to relieve carbuncles. 5, 6) Its active principles, tanshinones, a group of quinoid diterpenes have attracted the particular attention of medicinal chemists and clinicians because many of them exhibit significant antibacterial, antidermatophytic, antioxidant, and antiplatelet aggregation activities. [7] [8] [9] [10] [11] They were also used in the treatment of mastitis and wound infection. 12) Since Dan-shen preparations constitute a basis for considerable commercial activity, there is a continued interest in development of biotechnology-based approaches to the production of tanshinones. [13] [14] [15] In our continuing study of the application of tissue culture of medicinal plants to the production of bioactive secondary metabolites, we have adopted an approach to the production of cryptotanshinone from S. miltiorrhiza through callus cultures. There are reports on the production of a diterpene, ferruginol as a predominant secondary metabolite and cryptotanshinone, but it is only in trace amounts in cell suspension cultures. 16, 17) Also, Miyasaka et al., 18) examined the biogenetic capability of undifferentiated cultured cells of S. miltiorrhiza. They observed that two triterpenes, oleanolic acid and ursolic acid, were major components in the aerial parts of intact plants while ferruginol was only found in roots. However, we report herein that cytokinin induced cryptotanshinone production in in vitro propagated static callus cultures of S. miltiorrhiza. The aims of the present study were: (i) to standardize an efficient protocol for induction and proliferation of callus of S. miltiorrhiza, (ii) to analyze the content of cryptotanshinone (Fig. 1) , a quantitatively predominant tanshinone, in callus cultures and in the commercially available marketed crude drug (processed underground parts of S. miltiorrhiza), and (iii) isolation and identification of cryptotanshinone using NMR and mass spectral data. Corp., Model 624 HD, Taipei, Taiwan) under a light intensity of 100 mmol m Ϫ2 · s Ϫ1 (Philips, Eindhoven, The Netherlands), 16-h photoperiod per day and 20/16°C day/night temperature. The plants were watered twice a week with tap water. The crude drug (processed underground parts of S. miltiorrhiza) was purchased from the drug market in Taichung.
MATERIALS AND METHODS

Plant Material
Tissue Culture Leaf pieces (5ϫ5-mm) from the plants (Fig. 2 ) grown in the growth chamber were used as explants for the induction of callus. The explants were surface disinfected in 70% ethanol for 30 s, followed by treatment with 0.5% sodium hypochlorite (with two drops of Tween 20 per 100 ml) under ultrasonic vibration for 10 min, and rinsed five times with sterile distilled water. Explants were cultured in 22ϫ120-mm glass test tubes, each containing 10-ml medium. The medium consisted of Murashige and Skoog's (MS) basal medium 19) supplemented with 3% sucrose, 1% Difco Bacto agar (Difco Laboratories, Detroit, Michigan, U.S.A.) and 1.0 mg l Standard Compound Authentic, HPLC grade cryptotanshinone (purity: NLT 99%) for calibration was obtained from Formosa Kingstone Bioproducts International Corp., Taipei.
Extraction and Quantitative Analysis of Cryptotanshinone The callus was harvested carefully and freeze-dried in a lyophilizer (FTS System, New York, U.S.A.). The dry callus was finely ground with mortar and pestle and extracted independently with methanol under 20 min sonication (Branson Ultrasonic Cleaner, Branson Cleaning Equipment Co, Shelton, CT, U.S.A.) to ensure the complete extraction of cryptotanshinone. The extracts of callus cultured at different periods were filtered through an Advantec No. 1 filter paper (Toyo Roshi Kaisha, Ltd., Japan) and the methanol was evaporated in vacuo to dryness. The residue of the combined extract was redissolved in methanol, filtered through a membrane filter (0.45 mm pore size, Nalgene, New York) and 10 ml of the solution was subjected to HPLC thrice. Analysis was performed on a Waters high performance liquid chromatograph (Waters™, Milford, Massachusetts, U.S.A.), which was connected to an Intersil ODS-3-5 mm, 4.6 mmϫ250 mm HPLC column (GL Science Inc., Shinjuku, Tokyo, Japan) fitted with a Guard park pre column (Waters ) and 10 ml portions of the samples were subjected to HPLC thrice. Calibration plots were obtained by measuring the peak areas.
Isolation of Cryptotanshinone Sixty-day-old callus of Salvia grown on MS medium supplemented with 0.2 mg l
Ϫ1
BA was harvested and freeze-dried (5.225 g dry weight). The dried callus was powdered and extracted with methanol (100 ml) thrice. Methanol solubles were concentrated under vacuum and the obtained residue (0.825 g) was subjected to chromatography. Column chromatography was performed on a 5ϫ50-cm column packed with silica gel 60 (finer than 200 and 100-200 mesh, Merck). The column was packed in benzene, the sample was loaded in benzene and then eluted with benzene, followed by consecutive elutions with benzene containing ethyl acetate 2, 5, 8, 10%. Fractions eluted with 8% ethyl acetate were concentrated. Further purification through column chromatography followed by preparative TLC (benzene : ethyl acetate; 8 : 2) resulted in an orange red solid (15 mg). Structure of the compound (Fig. 1 ) was established based on NMR and mass spectral data and by comparison with those of authentic sample.
20)
Statistical Analysis All treatments were repeated three times. The content of the cryptotanshinone is expressed as mg/g dry weight of callus. Standard deviation was used for statistical analysis.
RESULTS AND DISCUSSION
Tissue Culture Explants used in the present study were taken from plants ( Fig. 2) grown under controlled conditions as described in earlier studies with Limonium wrighti, 21) Vol. 26, No. 6 Adenophora triphylla, 22) and Scrophularia yoshimurae.
23)
Callus was induced on the cut surface of the leaf explants (5ϫ5-mm) cultured on MS basal medium supplemented with 1.0 mg l Ϫ1 2,4-D. The MS basal medium containing 2,4-D has been used for the induction of callus in S. miltiorrhiza 15, 24) and Peganum harmala. 25) In concurrence with earlier studies on S. miltiorrhiza, 15, 24) the induced callus proliferated on MS medium supplemented with 2,4-D and BA; MS medium supplemented with 1.0 mg l Ϫ1 2,4-D and 0.5 mg l
Ϫ1
BA, was found to be the most favorable for callus growth (data not shown). The callus grew rapidly into a friable pale yellowish mass on this medium and was analyzed for cryptotanshinone by HPLC. The results showed that it contained small amounts of cryptotanshinone (0.26Ϯ0.05 mg/g dry wt, Table 1 ). To increase the cryptotanshinone production, callus was grown on MS medium containing BA based on earlier reports. 15) Production of cryptotanshinone was remarkably enhanced by completely omitting 2,4-D from the medium. BA is shown to have a positive influence on cell growth and pigment accumulation in the cell cultures of Vaccinium pahalae.
26) The yield of cryptotanshinone varied with the concentration of BA in the MS basal medium (Fig. 4) . The callus was maintained on MS medium containing 0.2 mg l Ϫ1 BA for up to two months to ascertain the influence of time on the accumulation of cryptotanshinone. Maximum yield of cryptotanshinone (4.59 mg/g dry weight) was observed in callus cultured for sixty days (Table 1 ) and the age of the culture directly influenced the accumulation of cryptotanshinone. We observed in our study a two-stage culture system is needed for cryptotanshinone production. Since tanshinone are orange-red colored pigments, the callus grown on MS medium supplemented with 0.2 mg l Ϫ1 BA developed a deep red color during cultivation (Fig. 3) . Quantitative Analysis Tanshinones are widespread in the genus Salvia and about 50 tanshinones have so far been identified in S. miltiorrhiza and other Salvia species. [27] [28] [29] [30] [31] [32] [33] [34] [35] For quantitative analysis, peak areas were used to calculate the amount of cryptotanshinone present in different plant material as compared to the standard. The calibration plot was linear. Table 1 shows the contents of cryptotanshinone in callus grown on MS medium containing 0.2 mg l Ϫ1 BA cultured for a period of one week to two months.
Isolation of Cryptotanshinone Cryptotanshinone has been isolated from callus cultured on MS medium containing 0.2 mg l Ϫ1 BA for a period of two months. The methanol solubles of freeze-dried callus were concentrated and chromatographed over silica gel column using benzene and mixtures of benzene and ethyl acetate as eluent with increasing polarity. Fractions obtained from 8% ethyl acetate were concentrated under vacuum and purified further by column chromatography followed by preparative TLC (benzene : ethyl acetate; 8 : 2) to obtain cryptotanshinone (15 mg). The structure of cryptotanshinone was identified by NMR and mass spectral data and confirmed further by comparison of physical and spectral data with those of authentic samples. 20) In the past few years, numerous strategies have been developed to improve the productivity of plant cell culture such as cell line selections, medium optimization, cell immobilization using differentiated cells, elicitation and more recently metabolic engineering. 36) However, due to the lack of basic information about the formation of secondary metabo- lites, these approaches were applied only on a trial and error basis. An understanding of the defensive roles of plant secondary metabolites and the regulation of their biosynthesis may develop more rational approaches to enhance the productivity of plant culture systems. It is suggested that different plant secondary metabolites may play different roles during plant defense responses and the role of the same or similar compounds may vary in different plants. [37] [38] [39] In S. miltiorrhiza as cryptotanshinone is a phytolexin, it is usually produced only under stressed conditions.
40) The present study may provide a useful resource for the important, pharmacologically active compound, cryptotanshinone. It is evident that: (i) callus cultured on MS basal medium supplemented with 0.2 mg l Ϫ1 BA can be used for the in vitro synthesis of cryptotanshinone; (ii) prolonged incubation (60 d) of the callus cultures results in substantial accumulation of the cryptotanshinone.
CONCLUSIONS
In higher plants certain compounds accumulate only in particular organs or tissues, and morphological differentiation of specific organs is required for their production by cultured cells. 41, 42) Although cryptotanshinone is found only in the root of S. miltiorrhiza, 18) the cultured cells did not require that most be differentiatd for production of this compound. We have been maintaining the callus cultures for over one year. The present study shows that in vitro grown callus cultures have over eleven-fold more cryptotanshinone than the available marketed crude drug. The production of cryptotanshinone achieved using this protocol is compatible to the highest levels of tanshinones produced in other culture systems reported in the literature. The production of cryptotanshinone in higher concentrations is useful for biotechnological studies and for pharmacological screening. In conclusion, this work demonstrates a procedure for successful production of cryptotanshinone from Salvia miltiorrhiza in in vitro cultures under defined conditions.
